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(57) ABSTRACT

Low-loss superconducting devices and methods for fabricat-
ing low loss superconducting devices. For example, super-
conducting devices, such as superconducting resonator
devices, are formed with a (200)-oriented texture titanium
nitride (TiN) layer to provide high Q, low loss resonator
structures particularly suitable for application to radio-fre-
quency (RF) and/or microwave superconducting resonators,
such as coplanar waveguide superconducting resonators. In
one aspect, a method of forming a superconducting device
includes foaming a silicon nitride (SiN) seed layer on a sub-
strate, and forming a (200)-oriented texture titanium nitride
(TiN) layer on the SiN seed layer.
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LOW-LOSS SUPERCONDUCTING DEVICES

GOVERNMENT RIGHTS

[0001] This invention was made with Government support
under Contract No.: HR0011-06-C-0051A awarded by the
Defense Advanced Research Projects Agency (DARPA). The
Government has certain rights in this invention.

FIELD OF THE INVENTION

[0002] The present invention relates generally to low-loss
superconducting devices such as resonator devices, and
methods for fabricating low loss superconducting devices.

BACKGROUND OF THE INVENTION

[0003] Superconducting devices, such as resonator
devices, are used in versatile applications such as high-fre-
quency filters, photon detection in astrophysics research, and
quantum bits (“qubits”) for quantum computing. The success
of these applications often requires low-loss operation of the
resonators, especially in quantum computing. The quest for
materials that have low loss in RF resonant structures at low
temperatures is an area of great interest for quantum compu-
tation and photon detection. Indeed, low loss, i.e., high qual-
ity factor, in these applications is necessary to have long
resonant lifetimes at low power, and well-resolved frequen-
cies and low noise at high power Important examples are the
storage of arbitrary quantum states in superconducting reso-
nators at very low fields, i.e., in the single photon regime
where the electric field is much less than the critical field, and
multiplexed readout of kinetic inductance photon detectors.

[0004] Superconducting materials such as Al, Re, and Nb
on crystalline substrates such as silicon and sapphire are
capable of producing low internal loss, d,, and therefore high
internal quality factors

(-5)

of approximately 10°-10° in a high field regime. However,
when restricted to low field levels such as used in supercon-
ducting quantum information applications, quality factors are
reduced to the 10%-10° range. This limits reproducible life-
times, T=Q/2xtf, to be approximately 1 us when operated in
the 1-10 GHz range. It is well accepted that parasitic two-
level systems (TLS) in oxides at surfaces, interfaces, and
dielectrics contribute predominantly to the losses in these
structures. Nitrides, on the other hand, are very stable, espe-
cially against oxidation.

[0005] Despite the significant progress that has been made
towards understanding various loss mechanisms, materials
properties have not been used to optimize the performance
(e.g., minimize the loss) of a superconducting resonator.

SUMMARY OF THE INVENTION

[0006] Aspects of the invention generally include low-loss
superconducting devices such as resonator devices, and
methods for fabricating low loss superconducting resonator
devices. More specifically, aspects of the invention include
superconducting resonator devices formed with a (200)-ori-
ented texture titanium nitride (TiN) layer to provide high Q,
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low loss resonator structures particularly suitable for appli-
cation to radio frequency (RF) and/or microwave supercon-
ducting resonators.

[0007] Inone aspect of the invention, a method of forming
a superconducting device includes forming a silicon nitride
seed layer on a substrate, and foaming a (200)-oriented tex-
ture titanium nitride layer on the SiN seed layer. The TiN and
SiN layers are patterned to form a superconducting device
such as a resonator device.

[0008] In other aspects of the invention, the superconduct-
ing device may be a coplanar waveguide structure, a resonator
device formed by a lumped capacitor and inductor element
connected in parallel, or a qubit device. The qubit device
includes an interdigitated capacitor pattern formed by pat-
terning the (200)-oriented texture TiN film and SiN layers
formed on a substrate (e.g., silicon substrate or sapphire sub-
strate).

[0009] In another aspect of the invention, an integrated
circuit includes a substrate, and one or more superconducting
devices formed on the substrate. Each superconducting
device includes a silicon nitride seed layer disposed over the
substrate, and a (200)-oriented texture titanium nitride layer
disposed over the SiN seed layer.

[0010] These and other aspects, features and advantages of
the present invention will become apparent from the follow-
ing detailed description of illustrative embodiments thereof,
which is to be read in connection with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 schematically illustrates a superconducting
device comprising a low-loss superconducting layer accord-
ing to an aspect of the invention.

[0012] FIG. 2 is a flow diagram of a method for forming a
superconducting device having a low-loss superconducting
layer according to an aspect of the invention.

[0013] FIG. 3 is a flow diagram of a method for forming a
superconducting device having a low-loss superconducting
layer according to another aspect of the invention.

[0014] FIG. 4 schematically illustrates a superconducting
resonator device having a low-loss superconducting layer
according to an aspect of the invention.

[0015] FIG. 5 schematically illustrates a superconducting
resonator device having a low-loss superconducting layer
according to another aspect of the invention.

[0016] FIG. 6 schematically illustrates a superconducting
qubit device having a low-loss superconducting layer accord-
ing to an aspect of the invention.

[0017] FIG. 7 schematically illustrates a superconducting
qubit device having a low-loss superconducting layer accord-
ing to another aspect of the invention.

[0018] FIG. 8 schematically illustrates a superconducting
qubit device having a low-loss superconducting layer accord-
ing to another aspect of the invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0019] Preferred embodiments of the invention will now be
described in further detail with regard to low-loss supercon-
ducting devices and methods for fabricating low loss super-
conducting devices. In particular, preferred embodiments of
the invention include superconducting resonator structures
formed with a (200)-oriented texture titanium nitride (TiN)
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film to provide high Q, low loss superconducting devices such
as superconducting resonator devices, quantum bit (“qubit™)
devices, etc. It is to be understood that principles of the
invention are not intended to be limited to any particular type
of superconducting resonator device as described herein, and
that other suitable resonators are contemplated as being
within the scope of the invention. As used herein, the variable
“QQ” and the term “Q value” refers to an internal quality factor
defined as the reciprocal of the internal loss associated with a
resonator. Higher Q values represent lower losses and are,
therefore, desirable in many applications.

[0020] FIG. 1 schematically illustrates a superconducting
device comprising a low-loss superconducting layer accord-
ing to an aspect of the invention. More specifically, FIG. 1
schematically illustrates a stacked structure 10 comprising a
substrate 12, a seed layer 14 (or buftfer layer) formed on the
substrate 12, and a superconducting layer 16 formed on the
seed layer 14. As discussed in further detail below, the super-
conducting layer 16 and seed layer 14 may be patterned using
standard photolithographic and etch methods to form super-
conducting devices, such as the exemplary device structures
shown in FIGS. 4-8. The substrate 12 may be a crystalline
substrate, wherein examples of crystalline substrates suitable
for use in illustrative embodiments of the present invention
include, but are not limited to, sapphire (e.g., c-plane sap-
phire) and semiconductor silicon substrates, such as Si(100)
wafers and/or hydrogen-terminated intrinsic silicon (H:i-Si).
[0021] Theseedlayer14 is preferably formed of a thinlayer
of nitride, such as silicon nitride (SiN). The SiN seed layer 14
is preferable formed to have a thickness of approximately 1
nm to 3 nm. The superconductor layer 16 is preferably formed
of a thin nitride film such as titanium nitride (TiN), which is
formed on the seed layer 14. In accordance with preferred
embodiments of the invention, the superconductor layer 16 is
formed of a (200)-oriented texture TiN film on top of a thin
SiN seed layer 14 to provide a high Q, low loss resonator
device. It is been determined that when TiN is used as a
superconducting material, resonators structure in which the
TiN has a predominantly (200)-oriented texture will provide
higher Q values than resonators in which a superconductor
layer includes a mixture of (200)-oriented TiN and (111)-
oriented TiN or in which the TiN is predominantly (111)-
oriented. Exemplary methods for forming a superconducting
device having a low-loss superconducting layer will now be
described with reference to FIGS. 2 and 3.

[0022] FIG. 2 is a flow diagram of a method for forming a
semiconductor device having a low-loss superconducting
layer according to an aspect of the invention. In particular, the
method of FIG. 2 begins with preparing a semiconductor
substrate for subsequent processing (step 20). In embodi-
ments in which a sapphire substrate is used, this preparation
step may include performing an in situ anneal. For example,
in an embodiment in which a c-plane sapphire substrate is
used, step 20 may include performing an in situ anneal to
approximately 900° C. in an oxygen atmoshphere. In embodi-
ments where a silicon substrate is used, step 20 may include
etching the silicon substrate to remove native oxide and to
hydrogen terminate the surface of the wafer, thereby forming
H:i-Si (as will be discussed in further detail below with ref-
erence to FIG. 3).

[0023] A next step in the process of FIG. 2 is to form a thin
seed layer on the semiconductor substrate (step 22). In one
exemplary embodiment of the invention, the seed layer is a
thin silicon nitride (SiN) seed layer that is formed over the
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surface of the substrate. In one preferred embodiment, the
SiN seed layer is formed with a thickness of approximately 1
nm to 3 nm. The SiN seed layer may be formed using known
techniques such as CVD (chemical vapor deposition) or other
suitable methods for forming a thin SiN seed layer on a
substrate (e.g., silicon or sapphire substrate). Next, a super-
conducting layer is formed over the seed layer (step 24). In
one preferred embodiment, step 24 comprises forming a tita-
nium nitride (TiN) layer on the SiN seed layer using a depo-
sition process to promote growth of a (200)-oriented texture
TiN film on the SiN seed layer. In one preferred embodiment,
the superconducting layer formed is formed of a (200)-ori-
ented texture TiN film having a thickness of approximately 40
nm. Once the seed and superconductor layers are formed, the
layers are patterned using, e.g., a photolithographic process,
to form a resonator structure comprising electrodes or com-
ponents formed by the patterned layers (examples of which
will be described below with reference to FIGS. 4-8).

[0024] FIG. 3 is a flow diagram of a method for forming a
semiconductor device having a low-loss superconducting
layer according to another aspect of the invention. In particu-
lar, FIG. 3 illustrates an exemplary method similar to that of
FIG. 2 that may be employed in embodiments where a silicon
substrate is employed. In particular, as depicted in FIG. 3, a
step of preparing a silicon substrate includes removing native
oxide from a surface of the silicon substrate and hydrogen
terminating the surface of the silicon substrate (step 30). In
one exemplary embodiment, with a Si(100) wafer, which may
initially have approximately 2-3 nm of surface oxide, the
process of preparing the silicon substrate may include etching
the silicon substrate ina 10:1 H,O:HF solution to remove any
native oxide and hydrogen terminate the surface and produce
an (H:1-Si) substrate with only about one monolayer (0.2 nm)
of surface oxide.

[0025] Thereafter, to form a thin SiN seed layer on the
silicon substrate, the silicon substrate is heated to approxi-
mately 450° C. or more (more preferably, approximately 500°
C. or more) and soaked in nitrogen gas for one minute (step
32). This process forms a SiN seed layer of about 1 nm in
thickness before forming a TiN superconductor layer on the
seed layer. Advantageously, in the high-temperature growth
process, the Si substrate (i.e. H: i-Si) acquires a layer of SiN
that allows nucleation of the low-energy (200)-textured TiN
film growth. This thin silicon nitride film formed deliberately
or unintentionally at the interface between the superconduc-
tor layer and the substrate in a resonator structure, can serve as
buffer layer for reducing two-level defects as a source of loss.
The benefit of such loss reducing mechanism becomes inef-
fective if the nitride interface grows too thick, because its
amorphous or highly disordered structure can bring in too
many two-level like defects.

[0026] Next, atitanium nitride (TiN) layer is formed on the
SiN seed layer using a reactive DC sputtering deposition
process with deposition conditions to promote growth of a
(200)-oriented texture TiN film on the SiN seed layer (step
34). In one preferred embodiment, the TiN superconducting
layer is formed with a thickness of approximately 40 nm. In
one preferred embodiment, the reactive DC sputter deposi-
tion conditions include heating the substrate to a temperature
ofapproximately 500° C., applying a DC bias on the substrate
of approximately 100V, applying a sputtering atmosphere
having a mixture of 3:2 argon to nitrogen ratio at a pressure of
approximately 5 mTorr, and growing the TiN film at a growth
rate of approximately 1 nm/min to 2 nm/min.
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[0027] It is to be appreciated that various types of super-
conducting devices may be formed with superconducting
resonator structures that are fabricated using techniques as
discussed herein to include a superconducting (200)-oriented
texture TiN layer to provide high Q, low loss resonator
devices. Exemplary superconducting devices having low
loss, high Q resonator structures will now be discussed in
further detail with reference to FIGS. 4-8.

[0028] FIG. 4 schematically illustrates a superconducting
resonator device having a low-loss superconducting layer
according to an aspect of the invention. More specifically,
FIG. 4 schematically illustrates a coplanar waveguide reso-
nator device 40, which may be formed having a (200)-ori-
ented texture TiN superconducting layer using methods as
discussed herein. In FIG. 4, the coplanar waveguide resonator
device 40 includes a well-known structure having ground
plane conductors 41 and 42 and a centerline conductor 43
disposed between the ground conductors 41. The elements 44
and 45 form coupling capacitor structures on both ends of the
centerline conductor 43 providing a %2 wavelength resonator
structure, wherein a length [ of the center conductor 43
primarily defines the resonant frequency of the 12 wavelength
resonator. In accordance with exemplary embodiments of the
invention, the various elements 41, 42, 43, 44 and 45 of the
coplanar waveguide resonator device 40 can be formed by
patterning a SiN seed layer and (200)-oriented texture TiN
film on a semiconductor substrate to form a low loss, high Q
coplanar waveguide resonator device.

[0029] FIG. 5 schematically illustrates a superconducting
resonator device having a low-loss superconducting layer
according to another aspect of the invention. More specifi-
cally, FIG. 5 schematically illustrates a lumped element reso-
nator device 50 that may be formed with a (200)-oriented
texture TiN superconducting layer. In FIG. 5, the resonator
device 50 includes a well-known structure having end termi-
nals 51 and 52 with an interdigitated capacitor structure 53
and planar meander inductor structure 54 connected in par-
allel between terminals 51 and 52. The inductor 54 may be
formed having a spiral structure or other known planar induc-
tor structures commonly used to form a LC resonator struc-
ture as shown in FIG. 5. In accordance with exemplary
embodiments of the invention, the various elements 51, 52,
53, and 54 of the resonator structure 50 can be formed by
patterning a SiN seed layer and (200)-oriented texture TiN
film on a semiconductor substrate to form a low loss, high Q
resonator device.

[0030] FIG. 6 schematically illustrates a superconducting
qubit device having a low-loss superconducting layer accord-
ing to an aspect of the invention. More specifically, FIG. 6
schematically illustrates a qubit structure 60 that may be
formed having a (200)-oriented texture TiN superconducting
layer using methods as discussed herein. In FIG. 6, the qubit
structure 60 includes a well-known structure having terminals
61 and 62, an interdigitated capacitor structure 63 formed
between terminals 61 and 62, and a single Josephson junction
structure 64 connected in parallel to the capacitor 63 between
terminals 61 and 62. In accordance with exemplary embodi-
ments of the invention, the various elements 61, 62 and 63 of
the qubit structure 60 can be formed by patterning a SiN seed
layer and (200)-oriented texture TiN film on a semiconductor
substrate to form a low loss, high Q resonator device. The
Josephson structure 64 can be realized by means of conven-
tional shadow evaporation techniques using Aluminum,
wherein the structure 64 is formed of a stacked layer com-
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prising an insulating layer disposed (sandwiched) between
two superconducting layers of Aluminum, for example.
[0031] FIG. 7 schematically illustrates a superconducting
qubit device having a low-loss superconducting layer accord-
ing to another aspect of the invention. More specifically, FIG.
7 schematically illustrates another qubit structure 70 that may
be formed having a (200)-oriented texture TiN superconduct-
ing layer using methods as discussed herein. In FIG. 7, the
qubit structure 70 includes a well-known structure having
terminals 71 and 72, an interdigitated capacitor structure 73
formed between terminals 71 and 72 and two Josephson
junction structures 74 and 75 connected in parallel to the
capacitor 73 between terminals 71 and 72. In accordance with
exemplary embodiments of the invention, the various ele-
ments 71,72 and 73 of the qubit structure 70 can be formed by
patterning a SiN seed layer and (200)-oriented texture TiN
film on a semiconductor substrate to form a low loss, high Q
resonator device. The Josephson structures 74 and 75 can be
realized by mean of conventional shadow evaporation tech-
niques using Aluminum, wherein the Josephson structures 74
and 75 are each formed of a stacked layer comprising an
insulating layer disposed (sandwiched) between two super-
conducting layers of Aluminum, for example.

[0032] FIG. 8 schematically illustrates a superconducting
qubit device having a low-loss superconducting layer accord-
ing to another aspect of the invention. More specifically, FIG.
8 schematically illustrates another qubit structure 80 that may
be formed having a (200)-oriented texture TiN superconduct-
ing layer using methods as discussed herein. In FIG. 8, the
qubit structure 80 includes a well-known structure having
terminals 81 and 82, two serially connected interdigitated
capacitor structures 83 and 84 formed between terminals 81
and 82 and a single Josephson junction structure 85 con-
nected between the terminals 81 and 82, and two additional
Josephson structures 86 and 87 serially connected between
terminals 81 and 82. In this qubit structure 80, the capacitor
structure is split into two capacitors structures 83 and 84 and
shunted between the Josephson structures 86 and 87. In
accordance with exemplary embodiments of the invention,
the various elements 81, 82, 83 and 84 of the qubit structure
80 can be formed by patterning a SiN seed layer and (200)-
oriented texture TiN film on a semiconductor substrate to
form a low loss, high Q resonator device. The Josephson
structures 85, 86 and 87 can be realized by means of conven-
tional shadow evaporation techniques using Aluminum,
wherein the Josephson structures 85, 86 and 87 are each
formed of a stacked layer comprising an insulating layer
disposed (sandwiched) between two superconducting layers
of Aluminum, for example.

[0033] Through various experiments with TiN films as dis-
cussed in detail below, we have discovered that superconduct-
ing resonators with exceptionally high Q,, on the order of 107
at high field, can be achieved by fabricating resonator struc-
tures having TiN films with a (200)-oriented texture. While
TiN is a superconductor with a relatively high T ., with sto-
ichiometric TiN yielding higher than 4 K, we have found
through experiments that the growth mode and morphology
of TiN are sensitive to a wide range of parameters, including
film thickness, substrate temperature, bias, and crystallinity.
[0034] Our experiments involved reactively dc sputter
depositing 40 nm thick TiN films onto c-plane sapphire and
H-terminated, intrinsic Si (100), (H:1-S1), substrates (>15 k€2
cm) with and without pre-deposited SiN buffer layers. The
sapphire wafer was prepared with an in situ anneal to 900° C.
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in an oxygen atmosphere, while the Si wafers were prepared
by etching in a 10:1 H,O:HF solution to remove any native
oxide and to hydrogen terminate the surface. In situ ellipsom-
etry and Auger data on the freshly loaded H:i-Si substrates
showed evidence of approximately one monolayer (0.2 nm)
surface oxide, compared to 2-3 nm for unetched silicon
wafers. However, by performing a 1 min soak in nitrogen gas
with the sputtering source operating before opening the shut-
ter, we found that a thin nitride film was formed prior to TiN
deposition when the Si substrate was hot. Thereafter, a TiN
deposition was performed at 500° C. with a dc bias on the
substrate of —=100 V. The pressure was held at approximately
5 mTorr in a reactive mixture of 3:2 argon to nitrogen, with a
growth rate of approximately 1 nm/min to 2 nm/min. The TiN
films obtained were in the high nitrogen percentage limit, and
we obtained T . (critical temperature) measurements between
4.2 and 4.6 K. Moreover, in situ reflection high-energy elec-
tron diffraction measurements were taken, which indicated
that TiN films grown on sapphire are well ordered and crys-
talline, while TiN films grown on Si and SiN were highly
disordered and polycrystalline. Finally, atomic force micros-
copy studies of the surface indicated that the rms roughness of
the films was typically less than 1 nm.

[0035] To conduct RF loss studies, the TiN films were pat-
terned into frequency multiplexed, coplanar waveguide
(CPW), and half-wave resonators capacitively coupled to a
microwave feed-line. This arrangement allowed us to extract
Q, data from S, (insertion loss) transmission measurements.
The CPW resonators had a 3 um wide centerline and a 2 um
gap. They were patterned from the TiN film using standard
photolithography techniques and a reactive ion etch (RIE) in
a SF¢ plasma. The resonances were measured in an adiabatic
demagnetization refrigerator at temperatures below 100 mK.
The sample box holding the resonator chip was magnetically
shielded with an outer cryoperm and inner superconducting
shield. Measurements were performed using a vector network
analyzer with a combination of attenuators (room tempera-
ture and cold) on the input line to achieve the appropriate
power level at the device input port and a microwave isolator
and high electron mobility transistor amplifier on the output.
The strength of the electric field, E, in the resonators was
calculated in the standard manner from the power applied, the
attenuation before the sample, the measured resonance
parameters, and the CPW gap.

[0036] From our experiments measuring the resonance at
high field, we found measured total Qy’s as well as Q,’s well
in excess of 1x10°. Some of the best resonators in our experi-
ments resulted in Q,’s that were higher than 107, an order of
magnitude higher than typical Nb, Al, or Re devices made in
this geometry. Since any TLS are fully saturated in the many
photon regime, the high power measurements were an indi-
cation that there is low intrinsic loss of the superconducting
TiN surface.

[0037] Based on experimental data obtained with regard to
loss as a function of electric field for a number of samples, we
found that TiN films that were grown on a nitrided, intrinsic Si
substrate had nearly two orders of magnitude lower loss than
those TiN films grown on bare sapphire with growth condi-
tions nominally the same. From the observation that the films
grown on sapphire are more crystalline, we chose to use an
amorphous buffer layer on the sapphire to inhibit nucleation
of' nonequilibrium epitaxy, thus allowing the TiN film to grow
in its low-energy orientation. A buffer layer of SiN was cho-
sen because it has lower loss than SiO,. For 35 nm SiN on
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sapphire, we recovered the very low loss behavior at high
power obtained with Si substrates. The residual loss is in line
with what is expected for the filling factor and TLS contribu-
tion of the SiN. To make a more direct comparison, we also
used SiN buffer layers on H:i-Si substrates. The loss curves
from TiN on 50 and 150 nm SiN buffer layers showed the
same low loss at high power as for TiN on the nitrided,
intrinsic Si. The magnitude of the loss at low field is in
qualitative agreement with the thickness of the SiN on the
substrate, with the 150 nm buffer layer sample show showing
the highest loss by a factor of 2-3, as expected.

[0038] To better understand the correlation of the RF prop-
erties and film structure, we conducted ex situ x-ray diffrac-
tion (XRD) and scanning electron microscopy (SEM) as well
as in situ ellipsometry and Auger electron spectroscopy
(AES). From the resulting 6-26 scans obtained with regard to
TiN films grown on different substrates and buffer layers, we
found that TiN growth on a bare sapphire substrate results in
a mixture of (111)-TiN and (200)-TiN, while TiN growth on
a sapphire substrate with a SiN buffer layer results in a TiN
film that is nearly all (200)-oriented, with a very weak (111)
peak. We also found that the results from growth on H:i-Si at
high temperature (500° C.) matches best with the SiN/sap-
phire, indicating a similar growth mode.

[0039] We also observed a (111)-TiN orientation when a
TiN film was grown on an H:i-Si substrate at a low tempera-
ture. The quality factors of resonators fabricated from these
samples were significantly diminished relative to those made
from films grown at high temperature, resulting in Q,’s of
400K and 225K at high and low powers, respectively. This
translates into losses from 2.5 to 4.5x107%, comparable to
those grown on sapphire. This data allows us to hypothesize
that, in the high temperature growth process, the silicon sub-
strate is acquiring a layer of SiN that allows nucleation of the
low-energy (200)-TiN film growth. Compared to the low
power data, we expected this layer to be relatively thin,
approximately a factor of 10 less than the 50 nm buffer layer.
Furthermore, at low field, the loss for the freshly prepared
(200)-TiN film without a pre-deposited SiN buffer layer was
typically around 2x107¢, significantly better than for conven-
tional superconducting resonators.

[0040] We also found that the measured resonant frequen-
cies of these devices were significantly lower than that
expected by considering only the geometric inductance, sug-
gesting significant kinetic inductance contribution. From the
40 nm thick, (200)-TiN films, we found the ratio 1, ,,_,/T,
2eom=0.56£0.04. On the other hand, the (111)-TiN grown on
Siand sapphire had aratio f, . /f, ..., =0.30£0.01. Using a
known variational method, we found the measured frequency
shifts correspond to London penetration depths of A,=275
and 575 nm, respectively. These numbers compare well with
the penetration depths 0352 and 714 nm calculated from the
measured resistance just above T (p,=45 and 185 p€2 cm)
using the BCS local relationship among A, , p,,, and the gap, A
(.e., To).

[0041] Moreover, an in situ analysis also confirmed that the
Siin ahigh temperature growth process acquires a thin nitride
layer prior to the TiN deposition. First, we observed from
ellipsometry a small rotation of light, consistent with forma-
tion of a 1.5£0.5 nm layer of SiN. In addition, Auger spectra
data was taken from the Si substrate before and after a pre-
sputtering nitrogen soak. Before a nitrogen soak, we found an
Si peak at an un-shifted energy of 92 eV, characteristic of a
clean, unoxidized, or nitrided surface. However, after a nitro-
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gen soak, we found that the Si peak shifted downto 84 eV and
anitrogen peak of about the same size is in evidence. This data
illustrates that surface is completely nitrided to at least 1 nm.
These spectra show the presence of a thin layer of SiN, which
is advantageous for the formation of high quality TiN films.
[0042] Finally, from an SEM analysis, we found that a SF6
RIE used to pattern the TiN film etches the Si at a higher rate,
resulting in trenching around the CPW, leaving a flat undercut
of'approximately 100 nm under the TiN. This profile is further
confirmation of a thin SiN layer under the TiN because it acts
as a resist against the etch.

[0043] In conclusion, we have found that the RF loss in
superconducting TiN films is dependent upon its growth
mode, and is both substrate and temperature specific. A (200)-
oriented TiN growth results in resonators with internal Q,
exceeding 107 at high field. The presence of (111)-TiN is
correlated with depressed quality factors. From in situ analy-
sis and tests using buffer layers, we found that a (200)-ori-
ented TiN film is stabilized when grown on SiN. For low field
measurements, enhanced quality factors were also observed
from samples with the thinnest SiN interfacial layers. There
are many applications for high Q resonators fabricated with
low loss (200)-oriented texture TiN films, including quantum
information and photon detectors. For the photon detectors,
e.g., kinetic inductance detectors, it is advantageous to either
use a very thin SiN buffer layer or to localize the TiN/SiN at
a voltage node to reduce phase noise due to two-level sys-
tems. Our findings also suggest the possibilities of fabricating
high Q TiN resonators on suspended SiN membranes, which
may lead to other interesting applications.

[0044] It will be appreciated and should be understood that
the exemplary embodiments of the invention described above
can be implemented in a number of different fashions. Given
the teachings of the invention provided herein, one of ordi-
nary skill in the related art will be able to contemplate other
implementations of the invention. Indeed, although illustra-
tive embodiments of the present invention have been
described herein with reference to the accompanying draw-
ings, it is to be understood that the invention is not limited to
those precise embodiments, and that various other changes
and modifications may be made by one skilled in the art
without departing from the scope or spirit of the invention.

1. A method of forming a superconducting device, com-
prising:

forming a silicon nitride (SiN) seed layer on a substrate;

and

forming a (200)-oriented texture titanium nitride (TiN)

layer on the SiN seed layer.

2. The method of claim 1, wherein the substrate is a silicon
substrate, the method further comprising preparing the sili-
con substrate by removing native oxide from a surface of the
silicon substrate and hydrogen terminating the surface of the
silicon substrate.

3. The method of claim 1, wherein the substrate is a sap-
phire substrate, the method further comprising preparing the
sapphire substrate by performing an in situ anneal to approxi-
mately 900° C. in an oxygen atmosphere.
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4. The method of claim 1, wherein forming a SiN seed layer
comprises:
heating the substrate, comprising a silicon substrate, to a
temperature of approximately 450° C. to 500° C.; and

soaking the heated silicon substrate in nitrogen gas suffi-
cient to form a thin SiN layer of approximately 1 nm to
3 nm.

5. The method of claim 1, wherein the (200)-oriented tex-
ture TiN layer is formed by a reactive DC sputtering deposi-
tion process.

6. The method of claim 5, wherein the sputtering process is
performed at a temperature of approximately 450° C. to 500°
C.

7. The method of claim 5, wherein the sputtering process is
performed by applying a DC bias of approximately —100V on
the substrate.

8. The method of claim 5, wherein the sputtering process is
performed in a sputtering atmosphere of approximately 3:2
argon to nitrogen ratio.

9. The method of claim 5, wherein the sputtering process is
performed in a sputtering atmosphere at a pressure of
approximately 5 mTorr.

10. The method of claim 5, wherein the (200)-oriented
texture TiN layer is grown at a growth rate of approximately
1 nm to 2 nm per minute.

11. The method of claim 1, further comprising patterning
the TiN and SiN layers to form a resonator device.

12. A superconducting device, comprising:

a substrate;

a silicon nitride (SiN) seed layer disposed over the sub-

strate; and

a (200)-oriented texture titanium nitride (TiN) layer dis-

posed over the SiN seed layer.

13. The superconducting device of claim 12, wherein the
superconducting device comprises a resonator device.

14. The superconducting device of claim 13, wherein the
resonator device comprises a coplanar waveguide.

15. The superconducting device of claim 13, wherein the
resonator device comprises a qubit.

16. The superconducting device of claim 15, wherein the
qubit comprises an interdigitated capacitor pattern formed by
the SiN and (200)-oriented texture TiN layers.

17. The superconducting device of claim 13, wherein the
resonator device comprises at least one planar capacitor and
one planar inductor connected in parallel.

18. An integrated circuit, comprising:

a substrate; and

one or more superconducting devices formed on the sub-

strate,

wherein each superconducting device comprises:

a silicon nitride (SiN) seed layer disposed over the sub-
strate; and

a (200)-oriented texture titanium nitride (TiN) layer dis-
posed over the SiN seed layer.

19. The integrated circuit of claim 18, wherein the one or
more superconducting devices comprises a resonator device.

20. The integrated circuit of claim 19, wherein the resona-
tor device comprises an interdigitated capacitor pattern
formed by the SiN and (200)-oriented texture TiN layers.
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